
-
~~

79~ .12~~~~
L 

~~~~~~~~~~~~~~~~~ ~~~SEMI- AL 7~cHNICAL g’E~~~T.1 Oct ~~ ~~~~78 — 31 Mar ~~~~~~~~ P P.~~~

1ARPA Order No.: 3291, Amendment 11 -
.

Program Code: SF10 ~~~~
Name of Contractor: Califo rnia Institute of Technology

CC Effective Date of Contract: 1 October 1976

Contract Expiration Date: 30 September 197

Amount of Contract: $407 ,063 / 9. ‘71? /7 ~ 2 i~ ~
(I?’.

’ 
/

Contract Number : F49620—77—C—0022 I

Principal Investigators ( , David GjMarkrider
and Telephone Numbers: (1~~~ -JIl--IRLI , 2910

~~~~ t4 (~I I .  / I
—

~~~~ 
j j 1~ ~ 

j Donald V.,Helmberger
9, & / / ~~~~~~~~ .L~~-, M~4.

I (2 13) 79548l1 , IE’ 2909 
~~~~~~~~~~~~~

Program Manager and William J. Best
Telephone Number: (202) 767—5011

Short Title of Work: ( £ Body and Surface Wave Modeling
of Observed Seismic Events

The views and conclusions contained in this
document are those of the authors and should
not be interpreted as necessarily representing
the official policies, either expresse d or DEC 12 i~~

implied , of the Defense Advanced Research
Projects Agency or the U. S. Government.

Sponsored by
— Advanced Research Projec ts Agency (DOD)

ARPA Order No. 3291, Amen
u ii Monitored by AFOSR Under Cant 4962 —77—C—/Ø22~ 

L_.~.
1 f

Seismolog ical Labora tory
Division of Geolog ical and Planetary Sc iences

California Institute of Technology
Pasadena , California 91125

79 12 10 082
ILPPDOVSd for puhl.t t ’  ~~~~~

T37 ) (j Cu.,’ ~,c ._) ~~ distribution unl inuted

~k:__ :—~~~
--- 

_ _~~~ — —~~ ~-~~..~~~~~~~ ---- -- — — 7.—



‘~~U\~~~1I IU)
s~~ ua u r v  CL AS~ I F C ~~TIO N O~ THIS PAGI (Whe, f la t.  bn r e r . d)  

—
REPORT DOCI I~ ELITATIO~

I PAGE H E A D  INSTRUCTIONS
vm n I ‘1 HEF ORE C O M PL E T IN G  FORM

R L P O R T  N U M B E R  2 GOVT ACCESS ION NO. 3 R E C I P I E N T S  C A T A L O G  NUMBER

AEOSB•TR~ 7 9 - 1 2 3 5 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4. TITLE (an d S.,6IIII.) 5 T Y P E  OF REPORT 6 PERIOO • C O V E R E O

Body and Surface Wave Modeling of Observed Semi—annual Technica l  Report
Seismi c Even ts 1 Oct . 1978 — 31 Ma r ch 1979

6. PERFORMING ORG. REPORT NUMBER

7 A uT HO R(a)  e . C O N T R A C T  OR G R A N T  NUMB ER(s )

David C. H a r k r i d e r
Donald V. Flelmberge r F49620 77—C 0022
J.  Be rnard  M in s t er

9 P E R F O R M I N G  O R G A N I Z A T I O N  NAME AND ADDRESS *0 . PROGRAM EL EMEHT . PROJEC T , T ASK
A R E A  8 W O R K  U N I T  NUMB ERS

California Institute of Technology
S& ismological Laboratory ’ ARPA Order 3291, Amendmt . 11
Par.adena , Califorrl la 91125 8F10

II . CONTROLLING OFFICE NAME AND ADDRESS *2. REPORT DATE

ARPA /fitAR September 1979
14~XJ Wi lson  Blvd *3 .  NUMBE R OF PAGES

Arlington VA 22209 
_____________________ 

60
4 MONITORING A G E N C Y  N A M E  8 ADD RESS(I I  d i t feren t f rom C o n t r o l l i n g  O f f i c e)  *5. SECURITY CLASS. (of Ibis teporl)

AFOSR/NP Unclass i f i ed
iolling AFB 

_______ _____________________

;~ash DC 20332 ISa . O E C L AS S I F I C A T IO N DOW NGRAD ING

*6. DISTRIBUTION STATEMENT (of this Report)

Approved for  publ ic  release: d i s t r ibu t ion  unlimited

*7. D I S T R I B UT I ON S T .  I EN T (of abe t rCc t  entered in Block  30 , If d iffere n l from Report)

ie S U P P L E M E N T A R Y  TES

*9 KEY WORDS (Cont in u e on r r . u e r s r .  , ide i f  necess ary end IdentIf y by block num ber)

Upper  mant le  s t r u c t u r e
Scattering
Wave propaga tion
Shear wave generation from block movements

20. A B S T R A C T  (Cont inue on r e v e r s e  ‘i de  It nec essary  and Ide n lify by b lock number)

‘The research pe r fo rme d under this  con t rac t  dur ing the  period 1 Oct .  1978
through 31 March 1979 can be divided in to three  main topics , upper mantle
studies , propagational distortions caused by non—planar structure and S wave
generation by block movements near explosions.

.2-
In Section ~T , we discuss the upper mantle structure of northwestern Eurasia

where  long period and shor t  period WWSS seismograms from nuclear exp losions in
the Soviet Union have been incorporated wi th  published apparent  velocity data —

~~~ 
FORM jg-p~I/ LI i ~~~~~ 7~ I~~fl

~~~~~~~~~~~~~ 
__.

~
_

~~~~ ~
, ~~~~~~~~~~~~~~~ —



— ~~~~~~~~~~ ~~~~~~~~~~~~~~ 
,
~~~-‘

. 
~~~~~~~~~~ ~~~~~~~~~~~ ~~~‘—~~~ r~’ 

-“—‘ ~~~~~~~~~~~~~~~~~~ ~~~~~~ -~~‘

.~~~~~~~~~~~ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _  _ _ _

to  (~~‘ i t  ye ,~ couq i i i ’  sr; I on~ I wave ye 1 Ic It V nlodt’ I I or t ~st ~ uppt ’ r mait t ie hericat Ii II II r t h
,jt’S I f’ s i ra~~ I . The wa v~’ 0* 11’ ; wc rt ’ tuode I ed us I t i~~ gt’ttt ’ r a  II it ’d ray I he’o ry and a
s I a i t  I ng modi’ I w .*~; 

~~~~‘ i t o  rhe *i by t i  ii i  and ci ro r on ii a t it Wil ; acti I s’ved . ‘t he
st’ 1 ;nkJ~ r,tuis t rout ~— i 3° t’xitih i t i IiIpulsiv( ’ I fr st arriv als (P11) Imp ly ing a smooth ,

~ ~~~ it I vs vu ’ t O t  I tv  ~‘. rad teit  be tw ee n dept hs t t f  ut )  aIlti 15(1 km. A cons! s tent pul s
a r r Lvi ug about 2 ~&‘t ’oiid~ .ilI c r i’~ at  t lit’ ranges I I to 17 0 i s  mode led by
p051 L i On ing a low ye t oe  it v .‘~ ‘t i t ’  betw t ’t ’n 150 ;uI~( 201) km. ‘l’he P~ phase becomes
di If rae ted  b~’v oitd 15° a It h otIgh the r~’ is cons I sit’ rab It’ ev idence of late ía 1
var  I a I ion ,I t  Wilt ’ re t l i i s ~~~~~~~ ( r i e Ciii -~O F (3cc’ sirs. T u e  mode I is relativ e l y
suss’ I It I ro ut ,a depth of 210 km down to  ?e.!() kin witert’ a r)~~ tutip in ye b c  it V

a t r ipi  i cat  ion f rom i t  I 2 . The obs&’rvat ions front 21 to 26 0

c Ic a r lv show ,ttio i her di icon t I no it V .1 t J ds’ pt h of 6 75 k in wit ii a 4 Z change in
veloc [lv

Iii St. t ’ t lou I , ~ I or i t it’d opt I c’s ;is bet’ n us t ’d t o compa rt’ the Wave o rm
contp I Ic at ions c i  used h v tw o  and t ii ri’s’ di tue us i ona 1 s t  ruc t s i r es  . A s c Iiemt ’ I s
dt’vt’ 1 t ’ped to  svn t hes I .‘. ‘ ss’ i snti c i ui,tg~’i; , in wit ich the a I ri ’s’ t r ay s  give a
prt’l tin! nary f ’ a  turt ’ o I a st rt ie t un’ , wit lit’ the e nuil tipit ’ bounties provi tie
further m t  orma t [(Iii I or iuI1Ir( tv ing ai~ i ref i n i n g  t he model. A method is
di sc ’ usst ’d for I iiv e r t t ug  non—st  r a t  it ’ It ’d st r tic t s i rs ’ s  like sedimentary 1)115 ins .utd
subduct ton p 1 at es

i n  Si’ c t ion :, Wi s t I l ts  I ~k’ r t hi’ p i’ob I cm of ref It’ c t ion and r if  rae t i on of
port ’  I v 1 011)1) ress i I m a  I wa Vt ’s  li l t ’ I &Ieii t (III an t n t  t’r f a c t ’  sepa ra t i ng  I dent i cal solid
h a l t  —s 1 m ,ts ’ t’; In w hich t i i t ’  colic1 it l i m i t  of s’Otl t itiui Iv of  shear disp lacement at t h e
bosin i,i ‘v  is gent ’ ra I i zed to  5m iie t ha t  a l low s  s Ii u p a  gi’ . The prol) I em is so lved
us lug the (

~~ ig i i !  and— dc h oop t s ’c ii i t  t q * i ’. It Is foun d ~~ at t he gt’uerat ion of
rt ’ f lee ted P and ~ w a y s ’s , as Wi’ 11 as t ransmit  t i’d S wav’~s , Ii; most  e f f e c t i v e

in t he 1 , 1 S t  of a per Is’s’ t Iv llnheufldt’sl hal  f—spac e .  We s c’siss the i DIp Ii cat  ions
v )t tttis mode l fo r  fl i t ’ e~’It;’r,It ion  of S waves by block m~ venient in tiic’ v i c i n i t y
ot’ an uncle rground ~‘ xp lesion . \,

~~~~~1 A Z  
~~~ (j

Unclassified

ss RI i’ y CI A S S I F I C  A1’ ION OF THIS  P A i l W i,~ t’.i. h~~,.r,d)

I ~~~~~~~~~~~~~~~~~~~~ - ,~~~~~~~



—~~~

TABLE OF CONTENTS

Su~~ ary 
1-2

it. Upper Mantle Structure of Northwestern 
Eurasia

III. TeleseisifliC Prospecting of Non—stratified 
Receiver Structure

IV. Slipping interfaces, a Possible Source 
of S Radiation

front Explosive Sources.

‘
-:

‘ ‘

1 ~ ‘d/ or
.~ist

: t ~~~i
_  _  

4
AIR I -

N TI (j TO 
(~~~Sc)

~h~~:; (C~~~,;~~r• ~~~~~ • ..

I r’P I 
V I C  ci

‘~~ ‘~~‘ ~~“‘  .1 .50 i’s 
~~~‘ 

I 
~~~~~~~~~~~~~ ~ib).

A. D. bLOSE
TechnI.:;l ~nj’ot’i gttio~ Officer

I



4

_ •’

I. SUMMARY

The research performad under this contract during the period

1 October 1978 through 31 March 1979 can be divided into three main

topics , upper mantle studies , propagational distortions caused by

non-planar structure and S—wave generation by block movements near

explosions.

In Section II, we discuss the upper mantle structure of north-

western Eurasia where long— and short—period WWSS seismograms from

nuclear exp losions in the Soviet Union have been incorporated with

published apparent velocity data to derive a compressional wave

velocity model for  the upper mantle beneath northwest Eurasia.

The waveforms were modeled using generalized ray theory and a starting

model was perturbed by trial and error until a fit was achieved. The

seismograms from 9 to 13 exhibit  inçulalve f i r s t  arrivals (P~ )~

in~ 1ying a smooth , positive velocity gradient between depths of 60

and 150 km. A consistent pulse arriving about 2 seconds after

at the ranges ii to 17 is modeled by positioning a low velocity

zone between 150 and 200 km. The P~ phase become s di f f rac ted  beyond

150 although there is considerable evidence of latera l variation at where

this geometric c u t — o f f  occurs. The model is relatively smooth from

a depth of 200 km down to 420 km where a 5% j unç in velocity produces

a triplication from 15 to 23°. The observations from 21 to 26 ° clearly

show another d i scon t inu i ty  at a depth of 675 km wi th  a 4% change in

ve loci ty.

In Section I I I , glorif ied optics has been used to compare the

waveform compl icat ions  caused b y two and three dimensional s tructures .
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A sche me is developed to synthesize seismic images , in which the

direct rays give a preliminary feature of a structure , while the multiple

bounces provide f u r t h e r  i n f o rm at i o n  f i r  improving and ref in ing the

model .  A method is discussed fo r  inverting non—stratified structures

l ike  sedimenta ry basins and subduction plates.

In Section IV , we conside r the prob lem of re f lec t ion  and

refraction of purely comp ressionai. waves incident on an interface

separating Identical solid half-spaces in which the condition of

continuity of shear displacement at the boundary is generalized to one

that allows slippage . The problem is solved using the Cagniard—de Hoop

technique . It is found that the generation of reflected P and S waves,

as well as transmitted S waves , is moat effective in the case of a

perfectly unbounded half—space. We discuss the implications of this

model for the generation of S waves by block movement in the vicinity

of an underground exp losion.

L,
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I i .  WIPER MANTLE STRUCTURE OF NORTHWESTERN EURASIA

J. W. Given and D. V. Heimberger

I. INTRODUCTION

There is considerable interest in structure of the upper mantle with

respect to the current problems in geodynamics. Although there seems to

be broad agreemen t on the major structural features of the mantle, the

various models proposed vary si gn i f i c a n t ly in de ta i l .  Importan t questions

yet to be resolved are : (1) how deep are the so—called “400” and “600”

km discontinuities ; (2) how large are the velocity jumps; (3) how deep

in the mantle do velocity variations exis t ;  and (4) how well do these

variations correlate with other plate properties.

To answer these difficult seismological questions requires more model

resolution than generally provided by the classical methods, namely travel

times and a sparse set of (dT/d~) measurements, see Wiggins [1969). Some of

the aithiguity of earth models determined by classical means can be

eliminated by the use of short—period synthetic seismograms. Comparing

the relative amplitudes of observed short—period multiple arrivals to

synthetics allows a better determination of trip lication points as

discussed b y Heimbe r ger and Wi ggins ( 19711. Several regionalized models

ror the western North  American cont inent  have been obtained using this

approach , see Wiggins and Heimberger (1973] and Dey—Sarker and Wiggins [1976).

Unfortunately , short—period seismograms suffer from waveform instability

in that neighboring stations in many situations do not produce similar

pulses . On the other hand , long—period body wave studies indicate that

waveahapes recorded on the long—period World—Wide Standard Seismograph

Network (WWSSN) are remarkably coherent , see Burdick and Heimberger [1978)

and Helitherger and Rurdick [1979]. Thus, an acceptable model must yield

synthetics which agree with the observed travel times, the dT/dA measurements,

t im,’ r .’J , ,(  lvi’ I tn ing  .‘i ntl amp t i t ~idt s of shor t—period pulses, and the long—

— 1—4
~ ~~~~~~~~ — ——j—- ‘— .~~ ___I,,_ ’—,----— ~ -“ —
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period waveshapes. Accurate determination s of the earth’s Green ’s

functions , or the broad—ban d step responses used i n th i s  syn the t i c  model ing,

fo r var ious  regions would he ve t-v useful in q u a n t i t a t i v e l y  answering the

ques t ions posed above . To t h i s  end , a dat a—se t comp iled f rom Soviet

explot;ions was used to o b t a i n  an upper—mantle model wh i ch wi l l  be used as

a re ference modt ’l in compar ing  o the r  regions.

There have been a relativel y large number of nuc lear explosions in

western Russia since the deployment of the WSSN. Many of these events

were well recorded in northern Europe at triplicat ion ranges , see Fig. 1.

One p ariictiL ~rlv appealing feature of this data set is the apparent

absence ot  a shadow zone near 9
0 that is conm~ n in regions of western

United States , see Romocy et al. [l%2) and Heimberger [1973b). A typical

seismogram at 90 produced by a N.:’. event is displayed in Fig. 2 , Note the

sharp P and S phases with little si gns of any differential attenuation.

Th t~. feature is most easily explained by restricting the propagation path

to  he ent l rt’lv in the litho sp he re . Thus, we have the prospect of determining

a comp lete  mode l wht ’rt’,~s in  previous studies , the serious nonuniqueness caused

N~i the  low v e l o c i t y  zone , (LVZ ) made the absolute depths  of the upper mantle

di sc o n ti n ui c i t ’s dli f i cu l t  to resolve .

In add t t l o : -~, the  NORSAR a r ray  is favorably located to measure the

apparent ve locity of the different phases in the P—wavetrain , and , thus , measure

(dT/d~~ . Several recent investigators , King and Calcagnite 11976), Masse

and Alexander 119Th), dud others , have used these measurements to study the

upper mantle. We i ncorp ora t ed t h e i r  apparent  v e l o c i t y  i n f o rm a t i o n  in to  our

study by a d o p t i n g  KCA , the model proposed by King and Calcagnile 11976 1, as

our starting model. The init i al mode l was modi fied as required by the waveform

thu ~ hut the dT/~i’~ curve w.is pe rt tirhed as little :~s possible.

L ~~~~~.
.
. - - 

- .
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I I .  SYNTHETIC_SEI S~i)CRA~6_FOR EXPLOSIVE_SOUI(CES

The computationa l procedure used in generating synthetics is well

established . namely one assumes that a synthetic can be represented by

a series of linear operators t

y ( t)  - s(t)*m (t)* a(t)* r(t~ * 1(t).

5 ( t )  r ep resen t s  the  source ; m (t), the mantle response; a ( t )  an attenuation

ope r~ tor ; r(t isthe receiver structure ; and 1(t) Is the instrument.

We cal culate the source t ime function by the procedure discussed in

Burdick and Helinberge r 11979). The t ime function parameterization is

taken from Von Ssggern s~~ Blamdford [1972). The far— field time function is

w r i t t e n

s ( t )  — 

~~ ~~~~

- u_ e~~~ ( 1+kt -B(kt ) 2 ) H ( t ) *  C ( t )

where Is an amp l i t u d e f a c t o r , C ( t )  is an operator representing the

effects of the free surface , and B and k are adjustable parameters controlling

the shape of the time function .

The parameter B controls the tradeoff between an impulsive and step—

like t ime function . A large r value of B means that the source is more

step—like , a smaller va lue ot  B indicates a more impulsive time function.

In larger nuclear explosions (i.e., for modeling long—period seismograma)

we found that B • 6 was an appropriate value to adequately reproduce the

teleseismic observations . For smaller explos ions and short—period

seismograma a value of ~ ? was found to be suitable.

The parameter k is  used to  a d l u s t  pulse w i d t h  and rise time . Large r

exp l osions ar~ modeled by assuming k 1, small explosions are modeled by

taking k

- ,—~ - -~ ~— - -
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The parameters B and k trade off with the operator C(t) which models

the effects of the free surface . The shallow source depth causes the

negative reflection from the free surface to f i l ter ou t the low frequencies

in the time function mimicking the effect of both B and k. We found that

P—p P delays of 0.9 sec for large events and 0.6 ~ec for small events were

appropriate for our purposes. The reflection coefficient at the free surface

was taken to be -0.8. As we calculate synthetics for diffe rent ranges, the

trade off angl e of P and pP change . As a result the pP-P delay and the

free surface reflection coefficient vary with the distance to the receiver.

We have found that the change in take—off angle has a small effect on the

wavefornm , not significant In view of the other uncertainties in the source

operator . The operator C(t) also Includes the crustal response at the source .

Anomalously large S waves (as In Fig. 2), observable out to 15° suggest
I

that there may be some crustal contamination In sources at Novaya Zemlya.

We could find no evidence in the long—period P waves for any large distortion

due to source structure so the effect has been ignored . In short—period

seismograsm source s t r u c t u r e  is important and causes a significant amount

of noise which Is d i f f i c u l t  to in te rpre t.  However an uncer ta in ty  has been

introduced which should be considered In the interpretation . 
*

At ranges where the arrivals from the upper mantle are separated

in time, the uncertainties due to the source function are minimal. At ranges

where the arrivals from the upper mantle interfere , the errors In the

source function can strong ly affect the synthetics . Of particular difficulty

are secondary p—wave arrivals which Interfere with the second upswing of

the first arrival. We tested the different sources to check the validity of

our conclus ions in these situations .

The effect of anelastict tv are approximated by a Futterman attenuation

_______________________
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operator [Futterma n , 1962; Carpenter , 1966] wIth T/Q — 1 for all ranges.

Kennett [1975] has pointed out the errors Introduced by this approximation

when low Q zones are presen t In the upper mantle. The assumption was

reevaluated by Burdick and Helitherger [1978] and they concluded that the

rela t ive amplitudes (waveforms) were not affected significantly. We

do not have a data set which can be used to constrain Q so we will follow

the technique used by Burdick and Helmberger 11978].

The receive r operator models the effect of locating the receiver

on the free surface and the effect ,f crustal structure beneath the

receiver. The scale of the inhomogeneities in the crust are ofren small

enough to be ignored on the long—period seismograms, see Burdick and I
Langston [1977]. Howeve r, crustal structure is probably the most important

factor contributing to the inconsistency observed In short—period body I
waves as can be surmised by examining the hor izontal  components of motion

of complicated P—waveforms .

The other operators have been fixed so that we may investigate the

operator m ( t ) ,  the  uppe r mantle response. The earth is assumed to be

laterally homogeneous, and the radial velocity structure is approximated

by layers of constant velocity. An earth flattening transformation

approximates the spherical earth by a plane layered medium. The Green’s

function is approximated by summing a finite n umber of generalized rays ,

the individual ray response Is calculated using a Cagniard—de Hoop

algorithm [see Heltherger, 1973a for details]. To maximize computations

the ray sum is truncated a f t e r  including all of the primaries for a time

period . In ranges where diffraction is important, in shadow zones and off

the ends of triplications , multiple reflections were added to test the

convergence of ray sum. The accuracy and limitation of this technique is

- 

~~~ 

- 

—~~ - - - —-  - ~~~~~~~~~~~ :~~ -~~~~ ~~- ~~~~~~~~~~~~~~~~~~~~~ 
- 
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discussed by Burd ick and Or c u t t  ( 1979]  and w i l l  not be reviewed here In

the interest of brevity.

At the ranges and for the structures we will be considering, the

phase PP Is .~n importan ~ L onsideration . An anomalous later phase can be

identified at several stat i ons 1.~ to 15 sec after the first arrival which

we tentativel y td ent l fi as PP.  P r e l i m i n a r y  s y n t h e t ic  models of PP

indicate that this hase could  be large  depending on the Internal

reflections at the surface near the halfway point.

III . DETAL LED MODEL DETERMINATION •

We will begin this section b~’ presenting our results , namely model K8,

followed by a c omp a r i s o n  of (dT/ d ~~) measurements -md trave l times with the

mode l predictions . Next , we will give a detailed comparison of the

waveform data with synthetics generated from KB .

The starting model KCA and mode l K8 are shown in Fig. 3 and their

corresponding (dT/d.\) values displayed in Fig. 4. There are two importan t

differences between the models . One is the low velocity zone at 150 km

de ’-~th in K8. The other is the steep positive velocity gradient between

300 and 400 km in KB where  KCA has a ve ry smal l  grad ient.

Trave l time curve s fo r  t he  two models are compared in Fig. 5.

Plotted with the calculated curves are readings from the ISC for the nuclear

exp losions in Novaya Zemlya during the period 1966—1974.

However, the inconsistency of observed PP from station to station makes

this phase difficult to use ~is a model d i s c r i m i n a n t .  Upon examination

of this figure it should be noted that KCA predicts the travel t imes at

ranges 18 to 22° and 23 to 25° better than K8 although diffracted arrivals

tend to prolon r the A branch eut to at least 18°. Furthermore there appears

- ~- — - -- “j ~~~~~~~~~~~~~~~ - —-.. —-—.-— — -
. 

,—_—-—--- .-.
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to be scattered energy arriving between the Ad and Bd arrivals

which can be attributed to high frequency scattering phenomena. It is

plausible that diffraction and scattering ran extend the Ad branch as

far out as 20° making the K8 mode l more consistent with the data.

The deviation of KB f rom the  data  at around 23 ° is harder  to

justify. In this case , we fit the waveform data at the expense of the

travel times. It Is possible that the discrepancy is indicating that our

model Is too simple but the data set is not extensive enough to resolve this

question.

Crustal structure (0 to 40 kin)

The crus tal structure of mode l K8 was taken from KCA which assumed

a single 40 km layer with velocity of 6.4 km/sec. This structure was

derived from a synthesis of published data by Der and Landisinan (1972).

The vertical trave l t ime is consistent with the three layer model derived

by Masse and Alexander [1974] and is slightly shorter than the more

recently propesed model by Vinnik et al. [1978]. There is undoubtedly

some lateral variation off the edges of the east European platform that

are larger than the differences between these models and we should expect

to see at least a second of scatter in travel times at triplication distances ,

see Vinnik et al. (1978]. Since the details of the crustal layering has

little effect on the synthetic P-waveshapes beyond 9°, we felt justified

in choosing the simp lest model available.

Lid and Low Velocity Zone (40 to 300 km)

The profiles of long— and short—period observations which were used

to interpret the upper 300 km are shown in Fig. 6. The long period data

is exclusively from Novaya Zemlya sources, the short—period observations

are from Novaya Zemlya and other , smaller explosions to the south. The

L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_  

_
____________________ ________
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cl osest ‘~~adsb 1t. short—peri od data ate at 14.S°. Because of the normal

~t 1tt ereuce ~ in gain settings , we were unable to obtain simultaneous

r ecordings ot any one event . Howeve t , the multi p lic ity of both large

and smal l  e xp l osi o n s  at N ovaya ~etttiya corroborated our observat ions ot

the important teatures in the data .

i’he P-waves from 9 to 11 .4° arc relativel y simple pulses suggesting

that the propagation path Is smoothly varying. The large , later phase at

KBS , 11 set’ a t t t ’r the f i r s t t t t t t v a l , is most  e asi ly  exp lained by P1’ ; however .

It Is anomalous Lv large at this pat I I eular stat ton and It does not

appear in flk)s t ot  t h -  other ob~ e i-va t i  otis . 4

Beyond 1 3 . 3 ” the wave fo rms  begin t o  show more conip lexi t y ,  the long—

and s h o r t-p e t  tod set  smograms s h o w In g  c on s i st e n t  t e at  ures which  are

interpreted as upper man t Ic at ructure * t h e  most obvious fea tu re  on these

records is the ¼ t t * i e t  ot the t~t~ bran-h , th e refl ect ion from the 400 km

dis continuity. Bey ond 15 this phase domi nates both the long— and short—

per iod si. I smograms . Anothe t c onsist cut ohst’ rvat ion Is t he  small long—

p e r i o d  l u st  a r r i v a l  a t  3 4 . 5 °  wh i ch grow s weaker with distance , becoming

.tlmoat unobservable on the seismogram in Fi g. 6. A second phase become t

apparent on the long—period data at ITh~ 2—3 sec after the first arrival.

This second phase is ~tlso c o n si s t e n t ly  v e r i f i ed  on the short—period

( smograms  a l t h o u g h  i t  is o t  a v a r i a b l e  n a t u r e . The onset of the second

~a r r i v a I , and t he  dramati c decay ot the  amp litude of the  t t r st  a r r i v a l  is

e rue tat to t l i t’ at gumen t t o t  t h e  t~ xi  st ence of a low velocity zone near

.‘01) km.

We pert urhe’d the (nit tat mode l KCA , to t it the long-period records at

U!4’ and NUR beyond IS ° w h i l e  I r v i n g to preserve the simple nature of the

w , t  vets ’ rnn4 - i t  C l i t ’  i u ’ ,t ret ranges. On t he~ t ct or t at matching the long—

1.
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pi’tt od fi ’atures is  d i s p l ay e d  in Fig. I wh.r• we hsve inc l uded the synthet ic s

b r model K~~A tot coi~~arison . As mentioned earlier th. convolution of

the source lti~et ion given in t h e  ri ght—hand eorn.r with th. derivative of

the  s tep responses y i e l d  the  synt he t i c . .  Not. that by including the LV

we were able to product’ the double at  r iva l w i t h  the proper decay of

the In i tt * 1 arriva l , P(Ad) with range .

The corresp ond ing a b o r t - p e r i o d  synthe t ics  are disp layed in Fi g. B.

The relativ e ~imt ng of the phases in the synthetics are consistent wi th  the

dmt ~ as w e l l  as some of  t he  r e l a t I v e  a m p l i t u d e s .
-4

rr anal tt on Re on ~.OO o ?~OO km\

The s e i sm o g r a m s  used in modeling the t r an s i t i o n  reg ion are particularly

Intere sting as can he surmised by not ing the intersections of the

t i l p i t c a t i o n  p lo t s  In F i g .  S .

As in the previous section , we r e l i e d  h e a v i l y  on the long—period

waveform dat:i in ~Icte’rmining th.’ branch positions ~nd the resulting model.

The svnthet I es and represent at lvi’ wave forme for  these ranges are

d i sp l ay e d  in  Fi g. Q . The observed wiiveforuw are somewhat va r i ab le  in

q u a l i t y .  For In s t  suet’ , th e Kt1 N t~~ I . 1 ) observat i on Is the  only seismogram

at t h a t  ran ge’ C rorn an exp losion at the sou thern  Novays Zemlva s i t e  and is a

weak recording . On the  other hand , KI lN (.~ 1. 9 0)  I s f rom the nor thern  —

site where large’ shots We’ i c  ab tIfluISfl t • some’ examp les are given in Ft g. 10

whett’ events 1 and .~ are t h e  same event s p tctu re~t in Fig. 7. Thus, we

cotis I dci e d t his wa vi’ tot-rn as p ar t  I en tart v wte i-f hwh (It ’ to mode l . The same

sit nat ton occurs for the  COl’ ( 2 4 .  ti ) ohserva t ion , in general , t hese

waveforme arc extremely d ifficult to mode l using a t r i a l  and erro r inversion

technique because’ each record Is essentt*llv an tnt.rfer.nc. ph.no non where

- ~~~~~~~~~ -~~~~~~~~~~~~~ -—
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small changes in the source, see Fig. 10, or model , see step responses, can

drastically alter the waveform.

One of the principle differences between K8 and KCA is the gradient

above the 400 km discontinuity. Part of the difference is due to the low

velocity zone which changes the bottoming depth of rays from above 420

km .  To predict correct ly  the relative arrival times we increased the

gradients between 300 and 4—0 km and reduced the size of the 400 km

discontinuity. With these changes we were able to model the interference

at 21.9° and the cut—off of the long—period AB branch . At 21.10 the

relative arrival times of the phases predicted by 1(8 fit better than those

:~ 
calculated for KCA . However there is some mismatch in the relative

amplitudes with the arrival from above the 420 km discontinuity being

too large. The choice of velocity gradient below 270 km depends crucially

on how we modeled the low velocity zone. Any errors in determining the

model or any lateral heterogeneity in the upper 250 km will seriously

affect our inversion for the structure between 280 and 400 km. The

uncertainties in 1(8 are probably greatest in this depth range.

The evidence for a discontinuity at 675 km is clear in King and

Calcagnile’s array data and in our long— and short—period observations.

The reflection is first evident at KON, 21.10, and forms a clear distinct pulse

at 23.3° (COP) where the E—F phase is the second pulse. At 25.1° AXU, the

E—F arrival is first and the shoulder on the waveform is interpreted to

be the C—D phase moving back. The best data showing the position of D on

the E-D branch is displayed in Fig. 11 where the observations obtained from

the Semipalatlnsk test site are compard with synthetics . Due to

fortuitous instrumen t setting near 26° we were able to obtain short- and

long—period responses for the same explosions. The waveforms appear to be

_ _ _ _ _
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of excellent q u a l i t y  and are reproducible for  many events . A careful

examination of the short—period responses at this part icular  station

indicates that it is relatively transparent as judged from azimuthal

and horizontal motion tests [see Hel~~erger and Wiggins, 1971 fo r

a more detailed description]. For this reason, we have spent much

effort in modeling these short— and long—period observations as closely

as possible. The main consequence of these efforts Is the increased

velocity gradient between 670 and 750 kin, see Fig. 2, which Increases

the amplitude of the first arrival. Such a feature is also consistent

with the long—period observations at AKU (25.1 °). At still larger

ranges, we see no compelling evidence of either the (ED) or (AB)

branch although the short—period observations are somewhat perplexing

with respect to the latter branch , see Figs. 12 and 13.

If we restrict our attention to only HZ events we see relatively

simple seismograms beyond 27° which are in agreement with our model.

On the other hand , Kazakh events tend to show a major secondary arrival

out to larger ranges (labeled by an arrow in Figs. 12 and 13). Since

King and Calcaguite (19761 used mostly Kazakh events we can see why

their AB branch extends to larger ranges. This feature in the

synthetics for their model Is the result of the low gradient above

420 km. Thus, this difference in data suggests lateral variations

in velocity as deep as 400 km with respect to northern and southern

Eurasia. The difficulties with this Interpretation are that events

from Semlpalatinsk do not show this feature , see FIg. 11, and that

many Kazakh events do not show this branch , for example see KEV (10)

and STU (16). It should also be noted that the onset of the AB branch

becomes less impulsive with distance and looks more like the onset of

______ - ~~~~~ --
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the AB branch becomes less impulsive with distance and looks more like

the onset of a wavetrain , see Figs . 2k—2m of King and Calcagnite [1976].

Perhaps , this phenomenon could be caused by inultipathing due to

small scale irregularities. It would be particularly interesting to

obtain some long—period seismograms that samp le this region so that a

comparison similar to Fig. 14 could be made.

IV. DiSCUSSION

It is interesting to compare model K8 with models proposed for

western United States (WUS), see Fig. 15, where the same baBic modeling

techniques were applied. Models UWA and HW8 were derived from the

(dT/d~) measurements t Johnson , 1967], the trave l times from the NTS

explosions and short-period waveform data as discussed earlier. The

travel times and (‘St) separations between the triplication arrivals

for HWB and HWA are substantially different between 13 and 19°, where

the first arrivals appropriate for the HWA region Is from 3 to 6 sec

later than for HWB . Mode l Ti was construc ted to fit the UWA data set

as well as the long—period waveforms obtained from a series of well—

studied earthquakes. On the other hand , the travel times and (~S t) ’ s

for the model HWR are compatible with those predicted by K8. Furthermore,

a comparison of the short—period seismograms displayed in Fig. 6 are

quite similar to the short-period profile presented by Heltherger and

Wiggins [19711, Fig. 2. At range’s beyond 20°, the distinction

between the regionalizat ion IIW A and HWR disappears and there appears

to he little evidence of later al velocity variations below 300 km. j
Note that 17 and 1(8 are rema rkably s imi lar  in s t r u c t u r e  below this

depth. The sI i~~h t  off—se t s In discontinuities reflect the lid and LVZ

d i sp a r i t y  which is worth a brief review . 

~~ - - -- - &- -~~~~~~ ~~~~~~~~~~ - ______- --
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The upper 200 km of 17 was constructed to fit the average trave l

times and amplitude properties of WUS where there appears to be an

e f f ec t i ve  shadow zone along some profiles , see Helmberge r [l973b] . This

effect can be caused by a LVZ as in 17 but It could be caused by lateral

changes in veloci ty when crossing the various structural provinces,

for  instance see York and Helitherge r [1973] . Thus , the basic vertical

structure of HWA or K8 may be appropriate for some portions of

northern WIJS and the known short—period amp litude pattern caused by

horizon change in structure . Small changes in the ~e1ocity structure

of the Lid and LVZ can make a dramatic change In synthetic seismograms

at the near—in distances of 8 to 19° as can be seen by the following

case study .

In collecting a data set of seismograms one invariably f inds

an odd observation which appears Incompatible in travel time and wave—

shape wi th  the others , such is the case with  the NIJR record displayed

in FIg. 16. NUR is a recording of a southern Novaya Zemlya event

whereas 131€ was produced by a northern Novaya Zemlya event, see Fig. 1.

As with nearly all of the long—period observations , the NUR record is

duplicated for two different events so that an unusual source function

does not appear to be a likely explanation for the difference in waveforms.

Expla in ing  th is  record in terms of a per turbat ion of model 1(8 proved

to be qui te easy and enlightening. By slowing the first arrival by

about 1 sec relative to the reflection from below the low velocity zone

and the 420 km d i scon t in - ’tL j ,  we can reproduce the relative timing of

the seismograms . The result is model 1(8’ shown in Fig. 16. Note

that we have a lso slightly decreased the depth to the low velocity zone .

Another chara (-te rlqttr of the model is that a criticall y reflected

- 
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arrival now come s f rom below the low velocity zone; I.e., the shadow

zone ends at l5 rather than 19 . This feature substantially Increases

the amplitude of the second arrival relative to the C—D reflection.

We conc l ude t ha t  t he  upper m an t l e  in no r thwes t ern  Eurasia is some-

what variable. Mode l 1(8 may average over variations as large as

those between 1(8 and K8S so that the detailed features of 1(8 may be

considered to he exemplary . The trade—offs involved in modeling low

veloc ity zones are well known , see’ fowling and Nuttli [1964), Helitherger

(1973b]. To more fully constrain the features of a low velocity zone

we need to incorpora te  longer per iod  da ta  f rom ear th q uake sources.

Fi g. 18 complements  Fi gs. 16 and 17 by comp ar ing  long—pe riod and shor t—

per i od syn the t i c s  for KS and 1(88. The long-period seismograms are from

an earthquake source appropriate for the March 23, 1978 Bermuda event

(Cordon Stewart , work in progress). The long-period seismograms are

very similar , hence their usefulness in constraining the overall

features of the mode l such as the average gradients and the sizes of

disconttnuities . The short—period data are more sensitive to small scale

details . The need to consider broad—ban d i n f o r m a t i o n , long— and s h o r t —

period waveshapes as well as dT/d.~ and t rave l time data , is obvious from

this series of figures.

The major new feature in model 1(8 is the low velocity zone and it

is based on the long— and short—period observations between 9 and 18° .

It is not possible to completely rule out a simple discontinuit y at 220

km depth as has been suggested by l ehmann 11964, 1967) for the U.S.

Several models including such a feature were tested but none were found

that fit the data as well as 1(8. Such a model would he required to

hnve .1 n e a r L y  .-onqtant ve locI ty owr  s u bst a n t i a l  r eg ion  of the upper 40Q

~~~~ 
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km. In additi on , a differen t Q structure than implied In this study

would be necessary to predict the correct amplitude behavior of

the trave l time branches . As our knowledge of the velocity and

Q structure of the earth increases the data is , of course , subject

to reinterpretation under other working hypotheses.

It is unfortunate that we do not have a very dense coverage

of long—period receive rs at distances of l9_250 . The high frequency

explosion source~ would have been ideal for elucidating any additional

structure between the two major discontinuities . Models HWB, SMAK

[Simpson et al . , 19761, and ARC-TR [Fukao , 1977) all have an

inflec tion in the velocity structure at about 550 km. Burdick

and Helmberge r [1978] have pointed out the difficulties In observing

this feature : the short—period data have too much resolving power ,

the long—period earthquake data have too little. We found no

direct evidence to ¶ustifv including such a feature ; however , considering

the discrepancies In the observed and predicted waveforms , the structure

between the two ttis cont inut iels remains somewhat uncertain .

In summary , we have inco rpora ted  the long—p eriod and shor t—p er iod

waveforms data with trave l time and apparent velocity measurements to

derive the model 1(8 (Table 2) for Northwest Eurasia. The significant

features of the mode l are :

(1) A low velocity zone between depths of 150 and 200 kin;

(2) A 4. S~ velocity I n cr ease  at 420 km depth ;

(3) A large velocit y gradient between 420 and 675 kin;

(4) A 4~ velocity increase at 675 km depth .

L 
_ _ _  _
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Model K8 is similar to model 17 proposed recently for the Western

Uni ted States ; however , without a detailed determination of the

uppermost veloc ity structure , any discussion of lateral heterogeneity

is premature.
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Table 2. Velocity Model 1(8. Depths Are to Top of Layer

Velocity Depth Velocity Depth Velocity Depth Velocity Depth

6.39 0 8.392 250 9.572 496 10.955 749

6.40  1 8 . 4 1 9  260 9.583 506 10.998 759

8.170 40 8.445 270 9.624 517 11.040 770

8.187 50 8.478 280 9 .667 528 11.061 783

8.205 60 8.511 290 9.708 539 11.083 796

8.222 70 8.545 300 9.750 550 11.105 808

8 .239  80 8.578 310 9 .792  560 11.127 821

8.256 90 8.612 320 9.834 570 11.148 834

8.274 100 8.645 330 9.876 580 11.170 847

8.291 110 8.678 340 9.818 590 11.192 859

8.308 120 8.7 12 350 9.960 604 11.213 872

8.325 130 8.745 360 10.003 610 11.235 885

8.343 140 8.764 370 10.045 620 11.256 898

8.250 150 8.783 380 10.090 631 11.278 911

8.180 155 8.803 391 10.135 641 11.300 923

8.050 160 8.822 400 10.180 653 11.321 936

8.040 170 8.841 410 10.225 664 11.343 949

8.150 180 9.24 420 10.660 675 11.365 962

8.270 190 9.292 431 10.702 686 11.385 974

8.287 200 9.333 442 10.744 696 11.408 987

8.305 210 9.375 452 10.789 707

8.323 220 9 .415 467 10.829 717

8.340 230 9.458 474 10.891 728

8.366 240 9.50 485 10.913 738
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Table 1. Nuclear Explosions

Event No. Date Hr:Min:Ssc La t E Lon N

1 08/28/72 5:59.57 73.30 55.1 Novaya Zemlya N

2 09/27/7! 5:59.55 73.40 55.1 Novaya Zemlya N

3 11/02/74 4:59.57 70.80 53.91 Novaya Zemlya S

4 10/27/73 6:59.57 70.80 54.20 Novaya Zemlya S

5 09/12/73 6:59.54 73.30 55.20 Novaya Zemlya N

6 10/27/66 5:58.00 73.38 54.62 Novaya Zemlya S

7 07/10/71 17:00.00 64.2 54.77

8 11/08/68 10:02.05 73.40 54.90 Novaya Zeml ya N

9 08/14/74 14:59.58 68.91 75.90

10 09/26/69 6:59.56 45.89 42.47 Kazakh E

11 08/20/72 2:59.58 49.46 48.18 Kazakh N

12 10/22/71 6:02.57 51 .51 54.54

13 09/27/73 6:59.58 70.76 53.87 Novays Zemlya S

14 07/01/68 4:02.02 47.92 47.95 Kazakh N

15 10/03/72 8:59.58 46.85 45.01 Kazakh E

16 12/22/71 6:39.56 47.87 48.22 Kazakh N

17 12/06/69 7:02.59 43.83 54.78 Kazakh W

18 1 2/ 1 2/ 7 1  7:00.57 43.85 54.77 Kazakh W

19 12/23/70 7:00.57 43.83 54.85 Kazakh W

20 02/13/66 4:51.58 49.82 78.13 Semipa lat inak

21 07/23/73 1:22.58 49.99 78.85 Sem ipalatinsk

22 12/18/66 4:57.58 49.93 77.73 Semipalatinak

23 02/26/67 3:57.58 49.78 78.12 Semipalatinsk
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Figure 1. Map indicating the locations of source events and WWSSN seismographs

used in this study . Information about the event nuirber. is given

in Table 1.

Figure 2. Long—period , vertical component seismogram , KEV from Novaya Zemlya

(8/28/72) recorded at A — 9.4°. The s—phase is much larger than

the p-phase and has virtually the same frequency content .

Fi gure 3. Model KCA and 1(8.

Figure 4. Comparison of the (dT/dA ) measurements reported by King and

Calcagn ite  11976 1 and K8 p r e d i c t i o n s .

FIgure 5. Comparison of predicted trave l t ime curve for 1(8 and KCA and

trave l time s of Novaya Zemlys explosions as reported by the ISC.

The letters on the K8 trave l time plot labe l the branches fo r

f ur ther  reference in the text . Solid lines indicate direct

ray theoretical arrivals , dashed lines indicate the prolongation

of certain branches by diffraction due to a low velocity zone.

Figure 6. Representative seismograms obtained from Novaya Zemlya explosions

displaying various arrtvals . The lines are keyed to the tri plication

plots given in Fig. 4. The number following the station label

indicates the event (Table 1) where 1 and 2 are from the northern site.

Figure 7. Comparison of synthetics with the long—period waveform data.

Figure 8. Short—period synthetics for KC.A and 1(8 which can be compared with

the data In FIg. 6. 

--—— .‘— -

~~~
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Figure 9. Comparison of the observed waveforms with synthetics. The K8

synthetics were produced by a convolution of the source function

displayed in the right—hand corner with the derivative of the
step responses.

Figure 10. Comparison of synthetic (1(8) with observations from various ever~’s

at the Northern Novaya Zemlya test site indicating source

variability.

Figure 11. Observations at Tabriz, Iran from nuclear expisions in Semipalatinsk.

The data clearly show evidence for the 675 km d iscont inui ty  and the

position of the end of the C—D branch.

Figure 12. Theoretical seismograms from 1(8 fit the short—period seismograms as

well as KCA. The inconsistency of the records between 24 and 25°

shoul d be noted. The large later phase indicated by the arrows is

similar to the arrival of King and Calcagnite [1976] interpreted

as the reflection from the 420 km discontinuity.

Figure 13. The figure compares theoretical and observed seismograms from 25

to 290 . Again note the occasional appearance of the reflection

from the 420 km discontinui ty. This appears to be a regional

phenomena, observed only on sources in Kazakh and receivers in

Northwest Europe.

Figure 14. The figure shows the theoretical and observed seismograms of Novaya

Zemlya explosions recorded at STIJ. Model KCA still predicts a large

reflection from the 420 km discontinuity which is not evident in

the data.
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Figure 15. Comparison of model 1(8 with models HWA , HWB , and T7 derived f rom

WUS observations .

Fi gure 16. Se i smograms f r o m  N or t h e r n  Novayn Zemlya to lIME and from Southern

Novaya Zemlya to NUR . These seismograms are along slightl y

different azimuths . The difference can be explained by variation

in the velocity structure above 180 km (see Fig. 17).

Figure 17. Model 1(8’ which was derived from 1(8 to exp la in  the variation at

1 5 . 60 , see Fig. 16.

Figure 16. Short- and long—period synthetics for K8 and KS’. The long—period

source function is from the March 23, 1978 Bermuda earthquake

(C. Stewart , personal communication).
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III. TELESEISMIC PROSPECTING OF NON—STRATIFIED RECEIVER STRUCTURES

By Tai—Lin Hong

I. INTRODUCTION

Seismic prospecting is usually conducted in two ways. The first

is the me t hod of zero—offset seismic sections . It is good for fine

anomalous structures like the petroleum reservoir but is subject to

shallow penetration and a narrow range of scope . The second is the

method of refrac t ion profiles . It is good for structures whose inter—

faces are planar but not able to find curved anomalies .

In this paper another approach using teleseismic body waves as

sources is discussed . This approach has two merits . First , it can

sense the structures in the depth since the wave come s steeply. Second—

ly, since the incident wavefront is planar , the resultant wave forms in

the receiver structure have the minimum feature of dispersion ; therefore,

the high—frequency approximations can be used to recover the informa-

tion contained in the wave forms.

As a matter of fact , this approach has been discussed for the

cases of planar structures by Burdick and Langston (1977) and Langston

(1977) among others . Therefore, this paper will stress on the structures

with curved boundaries.
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i i .  THE PATh OF MULTIPLE BOUNCES IN THREE— DIMENSIONAL STRUCTURE S

In a three-dimension al structure , a ray can be bent to a quite

different azimutha l direction after several bounces. This effect is

sensitive to the’ structure geometry as well as the incident direction

and results in various waveform distortions.

ln this section we will illustrate this effect through several

cases in which the structures are of the type of a sedimentary basin

over a half-sp .tce’. The S—velocity , P—velocity, and density of the - 

-

material in the basin are assumed to be 0.7 km/sec , 1 km/sec . and

2 g/cm~. Those in the half—space are assumed to he 3.5 km/sec. ~ km/sec

3and 1.3 g/cm

The geometry of the interface can be expressed as 
- :

z - d + ~~
- 

[~~ 

- Cos j~~~X + - w/~! ] (E q.  1)

where x, v , and z are the coordinates in a master  frame , as shown in

in Fi g. 1-a.

c and d are the parameters related to the thickness of the basin

w is the parameter related to the width of the basin; it is a

f u n c t i o n  of x and v as fo l lows

x- + y ’w — w
~ ( l—A ’ ) x 2 +

The incident direction of the plane wave is expressed in terms of

t he azimuth ~ ~iid latitude t~ in the mas ter frame as follows :
0 0

9 — (v , v , v )  (sinO cos~0, sinO sin~ , cos90).

For the convenience of the scanning procedure which will be illus—

rated In the next sect hin , wc need a s c a n n i n g  f r ame  x — — Z  ‘ . A
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reference point (x0, y0, z0) is set somewhere below the receiver struc—

ture . The scanning frame is formed by translating the master frame to

(x
0, y0, z) and rotating it by the azimuthal angle •~ and the latitude

angle 0. Therefore, the z’—axis is parallel to the incident direction

of the plane wave . Then, we pick an azimuthal direction in the scanning

frame to set up a baseline along which the scanning rays are sent from

the plane z’— 0.

In each of the following cases, we will send a group of rays of

S phase along the same baseline . These rays are transmitted into the

basin, reflected twice on the interface , and terminated on the surface .

Case l

The parameters for the geometry of the interface are :

d~~ — 1k m , c = — S km , w ~~5 O k m, an d A = O .

The incident direction of the plane wave is:

— 0 .2  radians, O
~ 

0.2 radians.

The scanning reference point (x0, y ,  z0) is set at (0, 0, —2 0 km).

The scanning baseline is set at the azimuth 00 in the scanning frame.

Notice that the structure here is cylindrically symmetric . Since

this group of rays are sent on a plane which contains the axis of

symmetric , there is no azimuthal scattering, as shown in Fig. 1—a .

Case 2

The structure and the incident direction of the plane wave are

exactly the same as those in Case 1.

The scanning reference point (x , y ,  z0) is set at (—5 km, —5 kin, —20 km).

The scanning baseline is set at  the azimuth 00 in the scanning frame.

Now, this group of rays is no longer on a plane which contains the

axis of symmetry; Lherefore , these rays are scattered azimuthally as shown

- - -- - -~~~-—-~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — ~~~~~~~- . - • •
~~~~~~~~~~~~~~~~~~~~~~ 

-
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in Fig. 1—b . We can see from the horizontal projection that the

sharpest bending of the scanning rays occurs when the rays are

transmitted into the basin , because of the large velocity contrast - -

at the interface .

Case 3

The s t r u c t u r e  is e x a c t l y  the  same as that in Case 1.

The Incident direction of the plane wave is

— 1.5708 radian , 0~ 0.2 radIan .

In other words, the plane wave is propagating upward along the

z—axis and forward along the y—axis .

The scanning reference point (x0, y ,  z) is set at (0, 0, —20 kin).

The scanning baseline is set at the azimuth —1 .5708 radian in the

scanning frame . From the horizontal prolection , we can see that the rays ,

advancing in the y—directio n , are turning around after the transmission .

At the edge of the basin , the horizontal projections of the ray segments

in the basin are very short because of their steep paths.

Case 4

In this case, everything except the geometry of the interface is the

same as that in Case 1.

The parameters for the geomet ry of the interface are:

d —l km , c = —5 km , w = 50 km , A — 0 .5 .
0

The contours of this interface are elliptical as shown itt Fig. 1—a.

Also, notice that the cross section of this basin on the plane y — 0 is

wider than those In the previous cases.

I 
— .— 

q~~r

~ ~~~~~~~~ • - __________ - ~~~~~~~~~~~~~~~~~~~~ 
- -
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I I I .  THE SCANNING PROCEDURE

Because a m u l t i p l e  bounce o f t e n  var ies  its azimuthal direction

along its path , it is not trivial to predict the starting azimuth for

a geometric ray leading to a given receive r location. A scanning

procedure i •s sugges t ed .  The t r i a l  rays are sent  in sys temat ic  ways to

t tnd the approximate direction el a geometric path. Then, we can

take a fine tuning procedure to obtain the required accuracy.

In t h i s  s e c t i o n  we w i l l  I l l u s t r a t e  the  scann ing  procedure fo r  a

case in which the ’ structure is of the  t y p e  of a two—dimensional

sedimentary basin over a half-space. The materials in the basin and 
j~

In the half—space are the same as those in the cases of Section II.

The analytical representation of the geometry of the interface is as

follows :

z — d + ~ - Cos 2 n ( x  — w/2 L~ (E q.  2)

where x, z are the cordinates shown

d and c arc the  parameters  re la ted  to the th ickness  of the basin

w is the paramete r re la ted  to the width  of the basin.

In th i s  case , d , c , and w are assumed to be —l kin, —5 kin, and

50 kin, respect ive l y .

The incident direction of the plane wave is:

— 1 .57 08 , A 0.3 1416 radians .

Notice that this plane wave is propagating not only upward along

the z—axis but  also f o r w a r d  along the  y_ ax i~’ . There fore , although ti~ structure

geometry is not varying along the v—axis , this incident direction makes

this problem actuall y a three-dimensional problem .

The scanning reference point (X , v , z ) is set at (0, 0, —20 kin).

- — - ------ “&--- 
~~~~~~~~~ - - ~~~~~~~~~- ~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _
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In Fi g. 2 are shown the horizontal projections of eight c~ ou~s o:

scanning rays. They are plotted in Fi g. 2—a th rough 2—h . The ~~‘ ‘ .uuth

angle of the baseline of each group in the scanning frame is —2.0416 ,

—1 .7916 , — 1 .5416 , —1.0416, —0. 3, —0.2 , —0.1 , 0 radians , respectively.

The sc~tnning rays il lustrat ed here are all in S mode . They are

transmitted lut e the basin , refle cted four times on the interface , and

t e r m i n a te d  on the s u r f a c e .

In Fig. 2—a t h rough  2— d , the patterns of azimuthal scattering are

s i m i l a r .  The p r o j e c t i o n s  of the ray segments in the hal f—space are

neatly lined up. The paths of the first ray segments in the basin are

very steep because of the la rge  ve loc i ty  c o n t r a s t .  Thus their hori-

zontal projections are very short. The ray segments in the layer tend

to propagate along the x—direction since the Interface is curved along

that direction .

In Fig. 2-c through 2-g, we can see more clearly how these ray

segments in the basin are bouncing back and for th near the cental region

of the b a s i n .

By t r a c k i n g  the  loca t ion  where each of these scanning rays t e r —

minates, we can eventually find a ray tube containing the receiver for

the following procedure of fine tuning.

______ 
.LILL 

- 
~~~~~~~~~~~~~~~~~~~~
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IV . WAVE FORM ~~~•flfl•:~~ .~

The gi or I led opt I ~~ (se t.  Hong and Hi’ 1 mite rge i , 19 18; and h ung,

1979) Ia use’iI e avu I hi’s I :‘ t’ l iii ’ WJIVI ~ t o  ~~~ . I t is a i i i  gh (req uencv

approx im at  I o t t .  The t cii i’c t Ion— t rnnsmt sat  on t’ t icc t a arc t’val nat  i’d in

every I oc.i I I t ante I o ruied by the norma I and t angei% t Ia 1 plant’ to a

boundary. The spread I it~~ i ’ l l  cc I S l i l e  t’VS 1 LIII  I i’il global lv through

In fin it es I ma I r a y  t uba s . The ti I apt at’emeu t , ii can t i t~ s imp l y wr it ten

as follows :

— 

~~~ 

I ( t - I ) Re C~’J) 
I I * (I - t ) I in 

~~~~~
J) } (E q .  ~~

whe i-i’ N Is (lie 1 it t a I n timber of r:; v a cons I di’ red - 
-

i s  t hi’ t r av e  i i  ug t I me of t’a cii ray I ron ; t 1w ha at’ lIne to the

rece’ I vi’ r

.~ is the sI’ Ii ’.;dlng of  fect

‘J Inc I t;de’~ t tie ’ a t  re’ngt ii 01 the potent I a I I Ic Id of the Inc I dent

p 1 alit’ W . I V O  • I lie ’ ri’ I Ice ’ I ion — I tanani t as ton i’ll cci , and the

i’t’ & .t. I Vt~
!• I ( Hp O f l $ t ’

I is the c O f l V O  h i t  ton of t he source t I ns’ f u n i ’ I I on and the Inst ru—

ment response I’

* I a t lit’ H I I lit’ i t  t innat e nun t I on of I

Eu r cv :; le t . ,  t I ng S . we’ send .; cv I I nil r I e : ,  I ray t ube f r o nt  t lie p1 nue

— 0 In the S c a t I I I  IiIe ~ I r~ime , We t 11k;’ I li t ’ ~;qei: i t  e i .t it t  of  t hi’ 1:11 t o  of  i t s

cross sect ton In he ha H —ap:ic.’ to I hi’ project i’d c toss sect ton at he

reet’ I vi’ r • and di’ I e’rml iii ’ t u e  ~40 O phase slit ft liv I nspe&’ t I ng the ro tat Ion

of the elonwtit t :;V S  of t lu I ulie . Thti ’ ;a v  t nbc ’ I s  supposed to hi’

m l  Iii i t  c’ m i i i  I l~ ’ I I ntl I lug p1 o.~~’t % ; i ; c  i s  I likell tUIflk’ II ca t  v

I - - - - S — — -— - -.. - - - r— —-
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; e- vat oat I tig ‘~~ • W i ’ I ii at  I I ;id t li ; ’ ~~ t ’  t ;‘;it I a I vi’ i ’t  c i  ~ for I he

I not de’iit S wave c i  t lii ’ ~~0 a i pi’ I ;‘l t t l i t  4t t o ;  I lit’ t n t ’ I dcii I P wavi ’ •

t ranste’c I t lit loc al I tans .~ t o  obt ain ( i i i ’ t iana m it tt ’d c i  r e t  It’cti’eI

pot tnt tat a . 1 1 , - j ’oc i’iil tat I l e t  ~l i i ~ .i~ li I ;tg t l i t ’  i ci i’ i v;’t is i’etnv.’r t i’d

t o  the dl ap I .,temt’it t I It’ id .

A m o r e  di’ I at  I ~‘d dr ac  t it’ ll on o t t he ’ g lor  I t  led  optIcs I or I

d i  Ille ’;tS I cnn 1 p tt t it I t ’ifl S t h u  be I e ’c uiil I n  Hong ’ s (I ~ 
‘ ‘) papt’r.

liii ’ i i . i  ( t I l t ’ 01 h’~~ Vt ’ — t  0 t i n  i’oiiiii I I oat ion in sons’ tw o — il l mens tonal

a t  I c i t - t i l t , ’’, ii,, a l’ee;i il l s~~ uSse ’cf I n  Hong ,,n,I Hi’ 1 mlii’ t get ‘s pilpi’  r t~ 7 $ )

Now , We ’ I I k e ’ I c ‘:i ’ ,’ , I tout a ~-a at’ o 1 .i I We ’ dl tiii ’its I t’Ita I s t i t i t ’ t i l t ; ’ t o

.; ‘ ast’ ot  .1 liii i t ’ init ’iisl ,‘ii .iI at  ; i;~~I t h e , ~~t a t  k h u l a  ~‘I t n t  t l ue ’ t  corn—

i~t I  i a t  b its can t~t’ .iddi’d t o t It ; ’ wnvt’ I 0 ins . H r i o t  1 v ape*k I ng • t IR’v

can lit’ hi l i t  I but ;~J ~ two t; ’ase ’i la  . Fi t at  , (lii’;;’ : i t  i’ men ’ t ht V S at’ c i v  tug

rum v.; ii (‘itS :i; Imei t t in I dl ui ~i~ I b its. lit is  c:ttt he’ i’85 II v i’oni’c I vt’d liv

1 oek tug it FIg . I . ~t’~ ond 1 v • t he sp r e a d In g  ;‘ t leo I i s  se’ns it lv t ’ I o the

ocilva t  t ir e lit a; i i i t c i  tim I dl i t ’d  i on s .  To il l n a t  l a t e ’ thi s • we cons i de r a

I w ’ d (me’ns I on:i 1 at ucii ’ I c u d ’ I I k e  I l in t  lit I he’ cast’ o I Sec t Ion III an~1 a

(It y~~t’—d I ns’na lo it , i  I a I rico t n t , ’ 1 1 ki’ I hat li t (~:lSi ’ 1 01 Sec I I Ott 11 . h i  i’:e ‘ii

t’.tSt’ Wi’ 0 ~~am I no .; rev I t i l t ; ’ a u t  i i ’ t h l l t i  I t u g  I he’ go cult’ I i  1 c P~ 
t i~ o t a mu It I p it’

honno;’ wit I i’h Is rattan It It’d til l c l it;’ hi, s l u t , I i ’ I let ’ I i’d t lit ;’;’ tim e s on

( ii; ’ In  t o t  I , ;ct~ , .;nil t el-ni lit:; ! ;~tl a t  l it;’ t , ‘ t e ’  lvi ’ i i,H’ km • 0 , 0 . ‘l’he Vi’ i t  I —

oat it r i t  t i ’ i’t  l~’ns .iuil hot I :i ’ u i t  at j ’ i t ’ lt ’ct Ions ot these m a y tubes a ct ’

.uI I i a ’ ’I  I I dent l i - t i  . h u t  l i l t ’ I i , ’i I ‘c i i  t a t  i ’ t  o kc t l , , i t ’ :  show li i i ’  d l  I I e ’l ei t c i ’

Wi’ n ot  to ; ’  t h a t  t im; ’ tav I nbc’ Iii itt ’ t l i r i ~e,~ tt t nie’iis b u n t  at t U t’ tut i’s j~~i

1w Ia  t cii . Sti i iu r ,;v I til ~i a ot 1 .it ~~,‘ a I :;‘ a re’ u s  I i tSt ’ ii 1 0 t’ I lie’ t’tit’POMe’ 01

I t  t c i a  I t . ;  I I o n  — i - c t  i ’Inpc i  t I icg l i i , ’ ‘
~ 
p i t ’.hi I ng e’ I I i - c t  , much I m e t  t uhes

‘ , h i ’, , i  d I ’ , , - . , , I .

- - ~~~~~~~~~~ _.~~~~~~~~—
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In the rt’ma l i t i n g  part ut this sect ten , we wi l l synthesize and

compare the ill apt :mi’e’mi’n I wave fo rms  for three groups of cases to show

how much t h e ’  W a v e ’  t o rms  can be’ sen s i t i v e  to  t h e  azimuthal variation of

t hi’ g.’ons’ I rv o I .; at t tic tore . Rio ke’ r a wave li~ t a an’ used as f (t ‘I , 1 .e •

t ~~~~~
) — t,e - ~~) c ’ 

a 
(Eq . 4)

where

it — 
(1 t Tp) ’

t Tp ‘I ’

In each u l  the l iii lowing on sea , we use two 11, 1 ) ‘s wi th Tp eq ual

to 1 ~~. see and I se ’ , respt’c t lye  lv. Not tee tha t the difference between

the long per led response and the short period responsi’ Is ma in I v  due

to the’ t rave l ing time ’ et each sty lviii instead et I hi’ tn t  t ins to frequcu—

cv dependence. 11w hit  I t ’!’ Is  a t  most 90° 1ihasc shi ft in the h i g h

I requettev approx lm~m t ion .

i ‘I i t -o t tp  A

In this group we will compare the responses of a two—dimensional

and a three—dime nsional at ructure to the same inc ident  S plane wave .

The s t r u c t u r e s  are i t t  the ’ type  of a sedimentary basin ove r a half—space.

The mater ial structure Is the  same as tha t described in Section II. The

I n c I d en t  d i r e c t i o n  of the plane wave is as~ uns’d to he vertica l, The’

displacement lie Id u
0 e ’ f t he  inc I dent wave is assumed t ~‘ he

0 
— (u ° 

, t ;° ct ° ) (0 . 1 • 
(1)

X V

(~iasi ’ 1

The at rut’ lure Is tw~ —tt I mona I onal . The represent at ion form lot the

goons’ I rv c i t  I i i . ’  I t t I t ’r t ;i ’ e I a Et i . ,‘ wIt hi t h e ’  following pa rame te c’s



It)

ii — -l km . c - ‘m km . w — 50 k m .
0

I t s  i- ross sect  ton on the platte v — (1 and its contours  are plot ted in

Fig ,  4. The t i ’ct ’lv er  b eat ion (x , v , z) is assumed to be (0., 0., 0. ,)

n it’ scanning re’ to ri’ nc -c’ i~o but ( ~ , v , 1 is set at (0, 0 , —20 km)
0 0 0

‘the travi’l tug t i m e ’ , S , a n d  ‘.1 of ;- . ioh i a r r i v a l are l i s t e d  in Table 1

The’ et t s phmc ’e’ment w a v e  forms I r e ’  pl ot ted in Fig. S—a .

Case 2

The s t r u i’l ore is t h r e ’e— i l l m c n s to n al ,  The a na ly t i c a l  repre sen ta t ion

ot the’ ge’omi’t rv of t h ’  interface’ Is of the following fo~~ci ,

— d +
~~~ ~1 — ~~~~~~~ 

2~~(~~”+ y~~ ~~~~

‘

~
•)  I (E q.  5)

whe r e

(x~
’
# v ” ’

~w - w  -
0 — , ~x f ( I — A )v ’

‘I’h e’ pa rans’ I e’ t s  art’ .usa time ’ ii ~~S to 110w a

d .1  km , c — —s km . w — 50 tim , A — 0. 5 .
0

I t s  cress sect  tim on the’ p l an e  v — 0 and its con tours  are  plot ted in

Fig. 6. The t~ t,’i’t vt’t and t he scann i ng reference po in t  are the same as

those In the last case’.

The t i - a v e - I  t u g  time , S , and ‘J u t  e’aclt arriva l are listed in Table 2 .

Ry comparing t i te ’ u , iv s  No. I to ii in Table 1 and those in Table 2 , we

~‘.u lt SCi’ l it  (‘St’ r - iv a a r~’ I ~l he I it~ H ti • a .um ’ goons’ t i-I c pat Ii in the two at rue—

lures , but their spri’.ud lug e’ t i ’e’ a are t i l t  f t ’ri ’nt . We can see the’ higher

con~’en t r a t i o n s  I n  t in’ t h rt’e—d I me-na I ona 1 at rule lure . Al so, we not I e’t’ t im I

i tt l iii’ l i t  r e ’e ’  - i ll me ’im ’~ I oii.u I at rue I i i i i ’  ( i t t ’  I t ’ Live’ nsm l’e’ i-avs vii ich are pro—

pagat tug on t h e ’  p i .uni’ S — 0. l’htcai’ rn- s a ri’ It s I t’d in  Table 2 as

~I - - — ,~~~_,, - L- 1~~- ~~~ 
- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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rays No. 12 to 17. However , their contribution to the wave—form distri-

bution is slight. The reason is that those rays are reflected as SV

waves in the local frames and thus lose nsre energy than if they were

local SH waves .

The displacement wave forms of this case are plotted in Fig. 5—b .

ii) Group B

In Case 2 of the last group, the rays No. 12 to No. 17 do not

contribute to the wave—form distortion significantly. Now, assume the

rays are in P mode; those rays will then become relatively important. k

To make the problem simpler , we assume the materials are fluid. The ! 
~

P—velocity and density are assumed to be 0.7 km/sec and 2 g/cm3 in

the basin and to be 3.5 km/sec and 3.3 g/cm 3 in the half—space . The

plane wave is assumed to be vertically incident with the displacement

field as follows ,

(u~ , u°, u°) (0 , 0, 1).

Here follow Case 3 and Case 4, correspond ing to Case 1 and Case 2,

respectively.

Case 3

The st ruc ture  geometry, thte rece ive r location , and the scanning reference

point  are the same as those in Case 1. The arriving time ,S, and g

are listed in Table 3. The displacement wave forms are plotted in

Fig. 5—c.

Case 4

The structure geometry, the receive r location , and the scanning reference

point are the same as those in Case 2. The traveling time ,S , and g

i re’ 1 I st e d  in  T a b l e ’  4 .  liii’ disp laceme nt  wave forms are p lot ted in Fig. 5—d .

-— I -~~~~~~~~~~
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Now , we can see from Fig. 5—d that rays No. 12 and No. 13, which

are propagating on the plane x 0, result in a large spike which does

not appear in Fig. 5—c.

iii) Group C

In this group we will examine the response of a two—dimensional

structure to the plane waves incident in different azimuthal directions .

The structure used in this group is the same as that in Case 1 of this

section .

Case 5

The incident direction of the plane S wave is

— 0, 0 = 0.31416 radians .

Its disp lacement field isu °’~(u °, u°, u~) 
= (0, 1, 0).

The receive r location (x, y, z) is set at (0, 0, 0).

The scanning reference point (x , y ,  z )  is set at (0, 0, —20 km).

Notice that the geometric ray paths are all on the plane y 0.

The rays are all SH waves in local frames. The effects of the con—

centration and triplication are similar to those discussed in the

previous cases of two—dimensional structures. The traveling time,S,

and ~I of each arrival are listed in Table 5. The displacement wave

forms are plotted in Fig. 5—e ,

The incident direction of the plane S wave is

= 1.5708 radians , 00 0.31416 radians.

F - I 

_______________________ _______________ 
________ 
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The d i s p la ce men t  f i eld u0 of the incident wave is ‘

it
0 

- (U°, ~~° , u~) (1 , 0, 0).

The locations of the receiver and the scanning reference point

a re t h e  same’ as those In the last case .

Notice that the  g e o m e t r i c  ray paths are’ ,mlI on the plane x — 0. 
—

The rays are ’ a l l  SN waves to local frames. lite’re is no trip lication

becau se the’ i-ross section of the struc t ure on the plane x — 0 is flat.

However , the e’ f fe’~~t s  of e’oncentratioui and ph ase shift , caused by the

curvature’ of 11w tnt erface , are obviously showing up in Fig. S—t . The

traveling tin tt’,S, and ‘.1 of each arrtval are listed In Table (~~.

- ~~~~~~~~~~~~~~ -~~~~~~ --- -~~~ -‘ ----~~~~~~~ ‘-- -

- -
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V. SEISMIC IMAGE OF A STRUCTURE PRODUCED BY AN INCIDENT PLANE WAVE

There are many p a r a m e t e r s  contributing to the wave—form distortion

in a receive r s t r u c t u r e . It is very difficult , if not impossible , to

resolve the e f f e c t  caused by each of those parameters from the record

at a sing le s t a t i o n . Howeve r , If we are running a seismic arra y in a

receiver region , there could be enough cons t ra in t s  in the data to

uniquely conclude some fea tures  of the s t ruc tu re .

For this purpose we developed a scheme to simultaneously synthesize

the wave form at each station of an array . According to the horizontal

locations of those stations, the seismograms are lined up to simulate

the vertical cross sections of the receiver structures. Such an

assembly is called a synthesized seismic image of a structure.

Here we like to take some two—dimensional s t ruc tures as examples

to show how efficiently the seismic Images can characterize the sub—

surficial structures. These structures are of the type of a sof t

layer over a half—space with a curved interface. The material struc-

ture in each example is assumed to be the same as that in the cases of —

Section I I ,  Also , we assume the incident  d i rect ion of the plane wave

in each example is consistent  wi th the two—dimensional feature  of the

s t ructure . In order to make the illustration simpler, we will consider

only the d i rec t  ray and the f i r s t  two multiple bounces.
I

i) Exa~~1e 1

The structure Is the sans’ as that In Case 1 of Section IV. The

direction and the disp lacement field of the incident plane S wave

are also the same as those in Case 1 of Section IV.

The re’ce’lvi’rs are distributed uniforml y on the surface along the

x— axts w i t h  t he’ interval of 1 km.

L.- ~~~~~~~~~~~~ ,~ — — - ~~~~~~~~~~ 
-- —
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The Ricker ’s wavelet with Tp equa l to 3 sec (see Eq. 4) is used

as f(t).

In Fig. 7—a is shown the synthesized seismic image produced by

the vertically incident plane S wave . The part of the image produced by

the direct rays gives straightforward indications about the structure .

Suppose this ima ge is a recorded one instead of a synthesized one ; the

following procedure is suggested to invert the structure.

First , construc t a primary structure model based on the part of the

image produced by direct rays, and make a synthesized image for this

model to compare with the observed image . The multiple bounces then

provide the clues for re fining or modifying the current model. This

procedure is repeated until consistency is obtained.

ii.) Example 2

The only difference between this example and the last example is

the incident direction of the plane S wave , which is now,

• — ~0 
~l — 30°

0 0

The seismic image is plotted in Fig. 7—b. Because the incident

wave is slanting, the image of the structure is tilted as expected.

The characteristics of this image actually is very similar to that of

the last example. For instance , the triplication feature of the second

multiple in each case appears in a similar way.

i i i)  Example 1

The only difference between this example and the last example is

the geometry of the interface. In this example , the representation of

the interface is of time form of (Eq . 2) wi th the f o l l o w i n g  parame ters ,

d =-6 km , - - C’ km. w - SO km.

______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ -- -~~~~~~ ~~~~~~~~~~ ~~~~
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Notice in this case that the layer is thin in the central part and

becomes thick and flat at the edges.

The seismic image is plotted in Fig. 7—c. By comparL,g Fig. 7—b

and 7—c , we can see the images, especially the parts produced by mul-

tiples, are strongly revealing the difference between the two struc-

tures, Their characteristic patterns are certainly clues for identi-

fying the features of the subsurficial geometry .

- - - —
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VI. DISCUSSION AND CONCLUS IONS

In a receiver structure involving curved boundaries, the wave-

form complications are mainly due to the concentration and triplica—

tion of the multi ple bounces. From the case of a one—dimensional

st ruc ture  to the case of a two—dimensional s t ruc tu re , the variation

of the wave forms is very apparent .  However, from the already com-

plicated case of a two—dimensional structure to the case of a three—

dimensional structure , the further complications are existing delicately

in the coda , as shown in Case 1 and 2 of Section IV. As we can see, it

is rather hard to make a starting model. for Inverting a 3—dimensional

F
structure if there is only a single station in the receiver region .

To practice the teleseismic prospecting efficiently, we need

seismic arrays. As shown in Sec tion V, we have developed a scheme

to synthesize the seismic images, in which the direct rays associated

with multiple bounces can strongly characterize the subsurficial

features of the receiver structures. The scanning procedure costs

just about the same in the case of a single station and in the case 
—

of one hundred stations. Of course, the fine tuning procedures cer— ~~
- 

-

tainly make the latter more expensive.

On the other hand, the accuracy is also depending on the fine

tuning procedures. However, this scheme is designed to allow the

sacrifice of accuracy in exchange for the computing cost. Actually,

the wave forms shown in Section V were synthesized with less accuracy

than those in Section IV.

There are some other inaccuracies related to the caustics and

the critical and post—critical reflections , since the glorified

4—

~~~~~~~~~~~~~ 
— —-.

~~——~~~
-
~~~

-— 
~~~~ 
-
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optics is basically a high—frequency approximation . By comparing

with the results of the finite element method , the accuracy is

still satisfactory even when the dominant period is as long as 20

sec (see Hong and Heimberger, 1978).

With the development of the glorified optics and the scheme

for synthesizing seismic images, with the plentiful earth quakes

and nuclear events , and with the ever expanding and improving seismic

array techniques , we believe the teleseismic prospecting is a

promising tackle to obtain the precise features of structures like

sedimentary basins, salt domes, geoay-nclines , continental shelves,

subduction plates , anomalies on Moho, etc.

- --- --- ---
~
--

~ 
- ..a.. ~~ ______________
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FIGURE CAPTIONS

Fig.  1 Each of the four cases in th i s  f igure  show s the project ions

of the paths of multi ple bounces which are started along a

baseline with a given azimuth in the scanning frame . The

left column shows the projections on the plane y 0. The

r ight column shows the projections on the p lane z — 0. The

dashed cu rves in the  ri ght  column represent the contours of

the interfaces.

Fig. 2 This figure shows the horizontal projections of eight groups

of rays in a scanning procedure . Each group of rays is

started along a baseline with a given azimuth in the scanning

f raise.

Fig. 3 This figure shows the projections of ray tubes in a two-

dimensional struc ture in (a) and (b), respectively. The

left column shows the prolections on the plane y — 0. The

right column shows the projections on the plane z — 0. The

dashed curves in the right column represent the contours of

the interfaces.

Fig. 4 This figure shows the geometry of a structure of the type of 
- 

-

a two—dimensional basin over a half—space , The left plot is - I

its cross section on the plane y — 0. The shorter dashed

curves in the right plot represent the contours of the inter—

face , which Is Infinitely long In the y—direction .

4

-- L.L —~’-- - ~~~~~~~~~~ — ~~~—- — - - --c e~~~
-
~Li’lI1 J
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Fig. S This tigure shows the displacement wave form s for the cases in

Section IV . The left column shows the longer period response .

The right column shows the shorter period response. The

l e t t e r s  x , v , z are i n d i c a t i ng  which components they are .

Fig.  6 This f i g u r e  show s the  geome t ry of a s t r u c t ur e  of the type

of a t h r e e — d i m e n s i o n a l bas in  over a h a l f — s p a c e .  The l e f t  p lo t

is its cross section on the plane y 0. The shorter dashed

curves in the right plot represent the contours of the inter—

face .

I
FIg. 7 The synthesized seismic image for the examples in Section V.
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2 1

TABLE CAPTIONS

Table I The arriving t ime (1), the spreading effect ES), and the

reflection—transmis sion effect (~J) of each arrival in

Cast’ 1 ot Section IV . The numbe r of segments along the

geometric pa t ti of an arrival is indicated In the second

column . The mode of each arriva l is also indicated there .

Notice , the P—S converted phases are not considered here .

Table 2 The arriving time (T), the spreading effect (S), and the

reflection—transmission effect (~) of each arrival In

Case 2 of Section IV.

Table 3 The arriving t ime (T), the spreading effect ES), and the

reflection—trans mission effect ~~J) of each arrival In

Case 1 of Sect ion IV .

Table 4 The arriving time (T), the spreading effect (S), and the

reflection—transmission effect (0’) of each arrival in

Case 4 of Sect ion IV.

Table S The arriving time (T), the spreading effect (S), and the

reflection transmission effect (0’) of each arrival in

Case S of Sect  ion IV.

Table 6 The arri vi ng tIme (1). t h e’ sp r e a d i n g  e f fe c t  (S), and the

refle’c l i o n — f  ranamisslon efte ’c t (0’) of each a r r iva l  in

Case 6 of Section IV . 
- -
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IV. SLIPPING INTERFACES : A POSSIBLE SOURCE
OF S RADIATION FROM EXPLOSIVE SOURCES

- ‘ By Carlos Salvado and Bernard Minster

Introduction:

Considerable e f f o r t  has been devoted to the understanding of SB

radiation from underground explosive sources. A variety of possible mechanisms

have been proposed , as reviewed by Aki and Teat (1972). They include (1)

mode conversion at irregular interfaces (e.g., Aki and Lam er , 1970) ,  (2)

cracking in the vicinity of the shot point (e.g., Kisslinger et al., 1961),

(3) prestress relaxation associated with the creation of the cavity (e.g.,

Archausbeau , 1972 , 1973) and (4) triggering of an actual earthquake with large

scale faulting , a model favored by Aki and Tsai (1972).

It is likely that a combination of these mechanisms acts to produce the

observed SB and Love wa~-e radiation from underground explosions. The relative

contributions of various mechanisms will of course depend on local characteristics

of the site. Nevertheless, it may be noted that the two last mechanisms listed

above involve the release of strain energy stored in the medium prior to the

experiment , and therefore require the presence of sufficient prestress. On the

other hand , the two first mechanisms can operate even in the absence of

significant initial stress , as evidenced by the observations of Kisslingei et al.

(1961). These authors observed SH radiation generated by small scale explosion s

detonated in mud , and suggested that near source cracking warn the mos t likely

cause of shear wave radiation .

In order to better understand the influence of site characteristics and

prc st re ss on SB and Love wave generation , an improved assessment of the phenomena

which do not requi re prestress is needed . Cracking and block motions in the

vicinity of explosions fal l  in this category , a review of these problems

is provided by Bache and Lambert (1976).

The purpose of t h i s  paper is to demonstrate that the presence of inspet fect ly

-— -~~~~~~~~~~~~~~~~~ - - I~~~——~~~~~~~~~~ ~~~~~~~ —
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bonded interfaces and joints  near a purely dilational source could account for

far  field transverse components of displacement , and thus with a suitable

geomet ry , for SB and Love wave radiation (e.g., Salvado and Minster, 1977).

The problem is greatly simplified because we restrict ourselves to linear boundary

conditions, and solve the problem in the f a r — f i e l d , first—motion approximation.

It appears that If the bonding is sufficiently weak , and if the geometry is

favorable , at least a portion of the observed shear radiation could be

expla i ned by this  mechanism.

I
I- .. t %  ~~~~~~~~ —



1.

1. Statement of the Problem, and Boundary Conditions

Consider the simple geometry depicted on Figure 1: a purely dilatational

point source is located at a height h above the plane interface between two

elastic half spaces. To simplify the prob lem , we restrict our attention to

the case when the two half spaces are identical. The boundary condition.

usually adopted in seismology involve continuity of tractions and disolacements , —

and in this case , the problem reduces to that of a point source in an infinite

space .

We shall now relax the boundary conditions , and request continuity of tractions

and of normal displacement but allow a jump in the tangentional displacement

In othe r words , slippage is allowed between the two half spaces . Sezawa and Kanai

(1940), Kanai (1961) and Murty (1975 , 1976) proposed a boundary condition which does -:

allow such slippage to occur , and has the advantage of being linear; it is

beat described as the result of the following limiting process.

Suppose the two half spaces are actually coupled through a viscous layer

of thickness H and viscosity n . The geometry is described on Figure 2. Assuming

a plane Couette flow in the viscous layer , the shear traction is related to the

j ump in tangential velocity by

0rz ~~ 
. L  ~ ~ (i r 

,O~ ,t) 
— 

~r
(r
~
0 t)) (0 < ii < °‘~~ (1—1)

W e now allow the thickness H and the viscosity n to go to sero , but require that

their ratio remain constant. For convenience in the subsequent analyses , we

define

H I • (C • < 1) (1 2)

whe re ~ is the ri g idity and ~ the sh ear wave velocity in the two hal f spaces.

~~ - -  1~~~~~~~4~~I ~~~~~~~~~~~ - ~~~~~~~~~ —
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2.

$ is a dimensionless bonding parameter. In this limit , the boundary condition

becomes

Il
rz 1 — ~ ~r

(T
~
0
~
t) 1— 3

+
where is the j ump of tangential velocity across the interface :

~ ~~~~~~~~~ 
÷ 

= 
~~~~~~~~ 

- 

~r~~~~~
t)

When • — 0, the tangential raction vanishes and the interface is perfectl y

lubricated ; when • - 1, no rela tive motion between the two half spaces is

allowed and the interface is perfectl y bonded .

The main advantage of the boundary conditions (1—3) is its linearity ,

which greatly simplifies wave propagation problems . Imperfectly bonded inter—

faces have been modelled using nonlinear boundary conditions (e.g.,

Chez et al. (1978) and Miller (1979)), but the difficulties are such

that only plane waves have apparentl y been considered.

2. Analysis of the Problem

The wave propagation problem is amenable to a Cagniard—de Hoop treatment ,

_ I
~1______
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and simple closed form solutions may be found in the firs t motion approximation .

We consider the potential decomposition (e.g., Cagniard , 1962)

r ar as

(2-1 )

uz a~ r a r

and the solutions of the form

• — e ~~~xi i I I .
1 — 1 ,2 (2—2)

,f
i

_ e st yi J
where , for z > 0, the source medi um,

• 
fe

_s jz hj 
J (kr) ~~~ 

+fQl
(k) Jo(kr)e

_v
a2d~~~

o
1
.~ 

( (2—3)

y 1 S1
(k) ~~~J0(kr ) e ”

~
2

dk ._J 
-

and , for z < 0: 0

V S
— J ~~~~~ 

J (kr) e ~ dk

o — (2—4 ) -
~~~~

- 

~~ ~~~
J~ (kr) e~~~ dkj

12 2 11/2 •21 1/2
Here “a - 

[k 
+ !7j . — +

and a , B are the P and S—wave velocities respectively .

The unknown coefficients , (Qj(k) , S1(k) ; 1 — 1,2) are to be determined by

use of t h e boundary conditio ns . Continuity of t ractions , normal displacemen t ,

—- - - 

I 
- 

- - -
~

~~~~~~~~~~~~~~~~~~~ ~~~~~ k —~~~~
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slip condition (1—3) lead to the following system of simultaneous equations.

-

~~~~ 
( V~~ Va i~2 . 1(2 

•
‘\ 

/ ~1

—a a —2~*v 8k2 — 2~v 6k2 Q2

2hJV a 

-

a /V a

2~i 

— — 
(2—5 )

r

21’ p (l~~) 
$

L
where

a 2~Lk 2 + P s 2 ~1
b 21J[(l_•)va + F ( 2—6)
c a(l—•) + 

2U5V B •
m -

The determinant in (2—5) is given by

A ( k )  4P~~~~~ •2 ~~~
(2—7 )

r 2 ‘ 2  2 2~ 
2uPv~D(k) L~

2
~ 

+ p5L) — 4~
j vav8kJ (l—$) + ~~ $

Notice tha t the bracketed exp ression in D (k) is the Rayleigh denominator.

?he solutions to (2—5) are

Q1
(k) — ~~~~~ [4~I

2v8k
3 (1—.~J (2—8* )

Q2 (h) — 
~~~~~~~ 

3, +(2uk2 + ~,2)
2 
(l_.)] (2—81,)

- - 
-—-~~~~~~~

-
.

- - -
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S1

(k) - S2
(k) - ~~~~~~ [2~~(2~ k 2 + ps2)(l_,~ ( 2-8c)

In the case of a perfectly bonded interface, • — 1, and the only nonvanishing

coefficie nt is Q2(1(), as expected .

By considering derivatives of these coefficients with respect to the bonding

parameter •, one finds that no extrema occur for • J0 ,l(. In other words

the most efficient conversion of P waves to S waves mus t occur for • • 0 , that

is , a perfec tly 1 abricated interface.

We can now substitute these coefficients in the solutions (2—3) and(2—4) , and

replace k in terme of the ray parameter p (e.g., de Hoop, 1960; Helmberger ,

1974 ; Langston , 1976).
I

k —i s p. (2—9)

Af ter application of the Schwartz reflection principle , the solution takes

the form i

— 1a 
fQi (P) Ic~(spr) dp (2—lOs)

— Iii fSj (p) ~~~~~~~ dp (2—lOb )

where

e
_5T

~a)5—l~I 4p 2 (14) sp3n1 ~~~~~~~~
Q.l(P) — - 

(2—lla )
Tb

e ’~a~~~~~ 2~Pfl8 2 
-1

— 

~~ 
B • + (p — 2~ip

2) (l_.)}(2—llb )

—s(n~h+n8z) 2S1(p) 
— 

e 
Do 

2p ( l— $) p (P — 2up ) ( 2 llc)

S2 (p) — 
Do 

2u (l—$) pO’ -2up
2) ( 2—lid )

I i:-~ - 

-
-

-~~~~~~~ - -
~~
-

~~~~~~
-. 

~~~~
-

~~~~~~~~~~
=

~~~~~~~~-



- - -  ,__~j f ~~~~~~~~~~~ —.._E,= - - - -

6.

and where the following definitions hold

— ~~ p2)1/2 ; fl~ — (~7 — ~2)1~’2 (2—12)

P(p) — Up — 211p2 ) 2 + 4M 2 naq8p2 ) (l—$) + 2u:n~ • (2— 13)

Asymptotic approximations of (2—10) and first motion approximations can

then be obtained in the usual fashion (e.g., Langs ton , 1976). By substitution

of the asymptotic results

K0(sp r) ~‘w 

~~~ e spt

~,/ 2apr - 
-

(2-14 )

aK,,(spr) ,
~
, 

~~~ 
fT~~

—spr
at ./ 2spr

the solution (2—10) are reduced to integrala of the form

— I(r ,z,s) - ~m 
fe

_5t(tP2~P) f(P)dP (2-15 )

from which the displacement mus t be retrie ved via the formulae (2— 1) . This

requires finding the spatial derivativee of I. l(eeping only the far—field - 

- 
-

terms , we have -p t —

aI (r ,z s j  — —a / J In / e 8t~~,5 ,P) pf(p) dp 
~ —16)ar ~j vsr

— C

aI ( r h z I s )  _  _s
J

IL ~ fS
t(t~z~P) 

~~~f(p)dp ~—l7)

The body wave contributions , which we are interested in , are obtained by changing

the variable of integration to t so that by use of Cauchys—Goursats ’ theorem

on the complex t-plane we have

tie J1(t_tA) p f(p) e~~~ ~~~~~
. dt (248)

ii
~~~~~~~ L 

- -

~~
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• 

~~

sj 1 iii JH (t—tA) ~.!i- f ( p )e t .2. dt (2—19)

The geometrical arrival time is defined by

tA — t(r,z,p0) 1
( 2—20 )

-oap p0

If F (t) is the source function for the potentials , then the time domain j

equivalents to (2—18) and 02—19) are

— !~J~ .~~._. ~F’(t) * ____ * lie (H(t—tA)P f(P )~~~ (2— 21)

aI( r ,z, t) 
— .~1fi 

~~ fr
(t) * ____ * t~ (H(t_t.A).tP

~~~)~~(2_22)

where * indicates a convolution . To comput e the first motion approximation

we note that t(r ,z ,p) is of the form

t • pr + n~g~(z) + ri8g2(z) 
(2—23 )

whe re g1(z) and g2 (z) are listed in Table 1 for the various rays. Using the

defini tion (2—20) and replacing t by tA in the firs t mot ion approximation , we

get

~~. 

[

~~t_t~~ (:~ 
+ 

~~ )]

l/ 2 
(2— 24)

so that , by substitution in (2—21) and (2—22 ) , and reduction

ax (r .z,t) ‘~
. p0 f (po) F (t~~tj )

at r i~ i (
~

) 
~~~~~ 

- 

~11~’2 (2—25)

[ ~~~n~ (po) Bmn~(po) )]

al(r 1sj )~ ~ i_ .?i .~! (2—26)
po ~z ar

The displacement components for the various rays can be obtained by using these

results in (2—1) and substituting the quantities from T*ble 1.

- -~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~ , - - -
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3. Radiation Patterns

Suppose the displacements found in the previous section are rotated

to a coordinate system that renders the slipping interface vertical.

For the purpose of our block motion study, such coordinates are

Earth coordinates . 
- -

For a take—off angle of 900 in Earth coordinates all S radiation

reflected from and t ransmit ted through the interface is pure SB relative

to the surface of the Earth. Displacement radiation patterns in that

case are simple to understand and were computed for different values of

the bonding parameter and the following values of the remaining parameters :

Parameter Value

a/B 1.72

p 3.2 gms/cm 3

h 1.0 km

R— [r
2+(z—h)2]1’~

2 
1000.0 km

Amplitudes are measured perpendicular and parallel to the ray joining

the receiver and the source. This gives rise respectively to the

transverse and radial components of displacement as seen in Fig. 3. The

radiation patterns for a unit step source function are given in Fig. 4.

where the solid and dotted lines are the transverse and radial

components respectively,  and where , posi t ive for the transverse component

is defined to be coun te r—clockwise .  The hor izonta l  axis represents

the edge view of t hy  ~ltpping In t e r f a c e  and the unite on this axis
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represent the ratio of the amplitude of the component to that of the

incident P wave .

These patterns are seen to change shape with bonding. For ~ — 0.0

the angle of maximum displacement corresponds to angles of critical ref1~ctions .

Similar lobed patterns were found by Burridge et al (1964) for

reflections from a free surface.

There is good conve rsion for bonding • — 0.0: the amplitude of

the SH wave is at least 0.5 of the P wave. Conversion gets progressively

smaller as the bonding is varied to higher values . For ~ — 0.5 and 0.9,

the amplitude of the SB wave is, respectively, .1 and .01 of the P

wave amplitude. This is due to the fact that as the bonding becomes

stronger the jump in shear displacement across the interface decreases,

and vanishes when the bonding is perfect , i.e., ~ = 1.0. This is seen

in Fig. 5.

So it appears that a low value of the bonding ,‘arameter is needed

for this mechanism to be an efficient shear wave generator. However

these radiation patterns are subject to change in shape and amplitude

with changes in the values of the parameters in the expressions for

the displacement. Most important of these is the perpendicular distance

h from the source to the slipping interface . As can be appreciated in the

exp ressions for the displacements , 2—25 and 2—26 , these vary as h~~
’2 

in

the high frequency , tirst motion approximation . Thus this linear

theory predicts that If a slipping jo in t  is s u f f i c i e n t ly close

to an underground explosion It could be an efficient converter of P to

S waves. One must re~member , howeve r , that the approximation developed

- — __
___ _ __ __ __j __ _____ __ ___ — _ - _ _-.-_ —--——- -— .—- —----,~~ ——--_~

_ _ __ _ _ _— - -_ -  _— - -.— - —- - -i -__— -- ~~—
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in the previous section is far field and linear and therefore must

break down for small h, so that this conclusion is only qualitative.

This faulting process due to the presence of a joint in the vicini ty

of an underground explosion gives rise to a different displacement pattern

than that given either by the relief of prestress along a fault or the impinging

of P waves on a slipless impedance mismatching surface, both of the same

orientation as the joint. As appreciated in Fig. 4 the SR displacement radiation

pattern has a cylindrical symmetry with respect to the line through the

source and perpendicular to the interface: it is symmetric with respect

to the interface but antisymmetric with respect to the line perpendicular

to the interface through the source. The relief of prestresa along a vertical

fault, in this case, a vertical strike slip fault, has a double—couple

radiation pattern which is symmetric with respect to the interface and the

line perpendicular to the interface through the source as can be appreciated

in Heaton (1979). On the other han d , the radiation pattern from the incidence

of P waves on a slipless impedance mismatching surface has also cylindrical

symmetry with respect to the line perpendicular to the interface and

through the source but it differs from the radiation pattern of the

slipping joint in that it is in general asymmetric with respect to the Inter—

face as is seen in Ewing et al. (1957).

This distinction of radiation patterns may provide the best tool

through measurement to determine whether block motion is indeed a

sI~~ificant contributor of S waves from large underground explosions .

It does not matter that the actual rheology of the fault is non—linear,

for example Coulonth friction, because the radiation pattern of the first

motion will have the same polarity as in this study . On the other hand

-
~~~

~~~ ‘~~~~ —~ ~... k .
~~ - - ~ ~~. ~~~~~~~~~~ - ~~~~~~ “- .--
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ii the test site is significantl y prestressed , observation of block motion

through the polarity of the radiation pattern may be difficult to

observe. Since Novaya Zemlys exhibits no seismicity, and this points

to small , if any prestress, the records from underground explosions at

that site would be those indicated to test this theory .

S~~~~~y and Conc lua ion

We have shown that a slipping interface separating identical materials

give rise to conversion of P to S waves. This conversion is best when the

materials are perfectly uncoup led and when the distance from the source )

to the interface is sinai!. For these reasons, block motion may be an 4
efficient generator of S waves from large underground explosions if cracks

are quite near the source and/or the friction on the crack faces is small. To

be able to determine whether this model is valid , one can make use of the

displacement radiat i ot~ patterns from tests in nuclear sites that

exhibit no selsmicltv , as Novaya Zeml ya.
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Figure Captions

Figure 1. A purely dilatational point source is located at a height

h above the slipping interface separating identical half—

spaces.

Figure 2. The identical half—spaces are separated by an interface which

is assumed a fluid filled gap of viscosity n.

Figure 3. Amplitudes are measured perpendicular (transverse component

T) and parallel (radial component R) to the ray joining

source with receiver.

Figure 4. Radiation patterns for a take—off angle of 90°. Solid line

represents the transverse component while the dotted line

represents the radial component.

Figure 5. Displacement jump across the slipping interface for

various values of bonding parameter •.
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